CATALYST FOR THE GENERATION 
OF GO-FREE HYDROGEN FROM METHANE 



Field of the Invention 

[0001] The present invention relates to catalyst compositions useful for the generation of 

CO-free hydrogen from methane, which catalyst compositions can be represented by Ni x Mg y O 
and Ni x Mg y Cu z O. The present invention also relates to a method for preparing the aforesaid 
catalyst compositions. 

Background of the Invention 

[0002] The demand for hydrogen is ever increasing because of its use in various hydro- 

treating processes in the petroleum industry and also for its use in PEM fuel cells. Since 
hydrogen is a non-polluting fuel, its use as a fuel, particularly for fuel cells has been rapidly 
increasing. Hydrogen is a clean fuel in the sense that no CO2 is emitted during the electro- 
chemical conversion to water. Also, hydrogen produced via the direct cracking of methane is free 
of CO, which is a poison for Pt-containing catalysts. As a consequence, hydrogen generated via 
such a process can be used directly in a fuel cell. 

[0003] Most of the hydrogen produced from methane is produced via the steam reforming 

process, which consists of three main steps: (a) synthesis gas generation, (b) water-gas shift 
reaction, and (c) gas purification (CO and CO2 removal). In order to attain the maximum 
conversion of methane, the process generally employs a steam/carbon ratio of about 3 to 5, a 
process temperature of about 800-900°C, and pressures from about 30 to 35 atmospheres. The 
total CO2 emission from steam reforming reaches up to about 0.35 to 0.42 m per each m of 
hydrogen produced. Furthermore, for certain applications, such as for PEM fuel cell technology, 
additional purification steps are necessary. In this regard, it is essential to reduce the carbon 
oxide concentration to only a few wppm, or less, in order to prevent poisoning of the Pt electro- 
catalyst. 



[0004] Thermal decomposition is another method that can be used for producing 

substantially CC^-free hydrogen from natural gas: 



CH* -> C + 2H2 AH 0 = 75.6kJ/mol 



The methane decomposition reaction is a moderately endothermic process. The energy 
requirement per mol of hydrogen produced (37.8 kJ/mol) is considerably less than that for the 
steam reforming process (63.3 kJ/mol H2). In contrast to steam reforming, hydrogen produced 
from methane by thermal decomposition does not involve a water-gas shift reaction CO2 removal 
steps, which significantly simplifies the process. In addition to CO-free hydrogen as the major 
product, the process produces high-purity carbon as a by-product. 

[0005] Thermal decomposition of natural gas has been used for decades for the 

production of carbon black with hydrogen being a supplementary fuel for the process (Thermal 
Black Process). Such a process has been practiced in a semi-continuous fashion using two 
tandem reactors at high operational temperatures (about 1400°C). Attempts have been made to 
reduce the maximum temperature of the decomposition of methane via the use of catalysts. Data 
on the catalytic decomposition of methane using Co, Cr, Fe, Ni, Pt, Pd, and Rh-based catalysts 
have been reported in the literature, such as by M A. Ernaakova et al., Journal of Catalysis, 
Volume 201, page 183, 2001, which is incorporated herein by reference. Among all the catalysts 
investigated, nickel appears to provide the highest activity and is most commonly used for this 
purpose. 

[0006] A two-step process, in which the catalytic decomposition of methane was firstly 

carried out followed by regeneration of the deactivated catalyst with 02, CO2 or H2O, has been 
suggested for the generation of hydrogen by Choudhary et ah, Journal of Catalysis, Volume 192, 
page 316, 2000. In this approach, the deposited carbon, a valuable by-product, was burned off as 
CO and/or CO2. Consequently, such a method does not offer any significant advantages over that 
of conventional steam reforming, because of the large emissions of carbon oxides. Furthermore, 
the catalyst needs to be reduced again prior to the next cycle and its use is limited due to the 
irreversible transformation of metallic particles that occurs during regeneration and reaction steps. 

[0007] Direct catalyzed decomposition of methane offers two major advantages over the 

thermal route: (i) the operational temperature can be dramatically lowered from about 1400°C to 
about 550°C, thus requiring less energy input for the process, and (ii) various catalytically- 



engineered carbon nano-structures of high value can also be generated by the judicious choice of 
catalysts, thus rendering the process more financially attractive. The large amount of natural gas 
available makes the catalytic decomposition of methane to produce hydrogen and high value 
carbon nano-structures commercially feasible. 

[0008] In order for the direct catalyzed decomposition of methane to be of practical 

significance it is essential to have a highly effective catalyst for such a process, which heretofore 
has been unavailable. Such a catalyst should exhibit high activity for a prolonged period of time 
and continue to function in the presence of large amounts of accumulated carbon. Catalytic 
decomposition of methane is, however, a rather capricious process due to the exacting 
requirement for a critical metal particle size and the tendency of the reaction conditions to exert a 
detrimental influence on catalyst morphology. Previous work has shown that the highest yield of 
solid carbon was obtained for a catalyst where the average particle size was about 30 to 40 nm. 
(M. A. Ermakova et al. Catalysis Letters Vol. 62, p.93 (1999)). XRD analysis indicated thatNi 
particles were undesirably aggregated as soon as the catalyst came into contact with methane. 
This particle-sintering behavior resulted in a lowering of the catalytic activity for methane 
decomposition. 

[0009] While the concept of generating hydrogen from the catalyzed decomposition of 

methane has been shown to be a feasible route, there still remains a need for the development of 
catalysts that can achieve a higher level of performance than those currently available. 

Summary of the Invention 

[0010] In accordance with the present invention there is provided a catalyst composition 

represented by: 

Ni x MgyO, wherein x and y reflect the mole content of Ni to Mg respectively, and wherein 
the molar ratio of Ni to Mg is from about 1 to 1 to about 6.2 to 1, and the percentage of Ni in the 
metallic state is from about 15% to about 95%, and the percentage of Ni in the active state is 
greater than about 25%, based on the total amount of Ni metallic sites. 

[0011] Also in accordance with the present invention is a catalyst composition represented 

by: 



Ni x Mg y Cu z 0 9 wherein x, y, and z represent the mole content of Ni, Mg, and Cu 
respectively; 

the molar, ratio of Ni to Cu is about 19 to 1 to about 1 to 1 ; 

the molar ratio of Ni to Mg of about 1 .0 to 1 to about 6.2 to 1 ; and 

the percentage of Ni and Cu in the metallic state is from about 15% to 95%, and the percentage 
of Ni sites, of the metallic sites, in the active state is greater than about 25%. 

[0012] In a preferred embodiment the molar ratio of Ni to Mg is from about 1.8 to 1 to 

about 2.8 to 1, 

[0013] In another preferred embodiment the molar ratio of Ni to Cu is from about 9 to 1 

to about 7 to 3. 

[0014] In yet another preferred embodiment the molar ratio of Ni to Cu is about 4 to 1 . 

[0015] Also in accordance with the present invention there is provided a method for 

preparing a catalyst composition represented by Ni x Mg y O, having a Ni to Mg molar ratio from 
about 1 to 1 to about 6.2 to 1, the percentage of Ni in the metallic state is from about 15% to 95%, 
and the percentage of Ni in the active state is greater than about 25%, which method comprises: 

a) dissolving a Ni-salt in an effective amount of solvent in which the Ni-salt is substantially 
soluble, thereby resulting in a Ni-salt solvent solution; 

b) adding an effective amount of a Mg-containing compound, which is able to undergo 
conversion to MgO during a subsequent calcination step, to form a slurry with the Ni-salt 
solvent solution; 

c) driving off an amount of solvent to form a paste comprised of the Ni-salt, Mg-containing 
compound, and solvent; 

d) drying said paste to form a powder comprised of said Ni-salt and Mg-containing compound; 

e) calcining said powder at a temperature from about 350° to 1000°C, which temperature is 
effective to decompose the Ni-salt, but not to vaporize Ni; 

f) grinding said calcined powder to a finely divided state to form a finely divided powder; and 

g) subjecting said finely divided powder to a reducing environment at a temperature from about 
500°C to about 1200°C for an effective amount of time to form a final catalyst. 



[0016] In preferred embodiments the solvent is selected from water, alcohols and ethers, 

with water being the most preferred. 

Detailed Description of the Invention 

[0017] The catalysts of the present invention are particularly useful for catalyzing the 

direct decomposition of methane to hydrogen and carbon without the generation of carbon oxides. 
Under certain conditions, and with catalysts of the present invention, the carbon is a high value 
graphitic nanofiber material having various uses, such as its use as a reinforcing agent, its use in 
fuel cell electrodes, etc. In the broadest sense, the catalysts of the present invention can be 
represented by Ni x Mg y O, wherein x and y represent the molar amounts of Ni and Mg respectively 
' and wherein the molar ratio of Ni to Mg is from about 1 to 1 to 6.2 to 1, preferably from about 1.8 
to 1 to about 2.8 to 1, and more preferably from about 2 to 1 to about 2.8 to 1 and even more 
preferably from about 2.4 to 1. The percentage of Ni in the metallic stage is from about 15% to 
about 95%, preferably from about 55% to about 80% and more preferable from about 65% to 
about 75% and most preferably about 70%. An active Ni site, for purposes of the present 
invention is a reduced Ni atom. Thus, the greater the number of active Ni sites the greater the 
number of Ni atoms will be in the metallic state. Conventional NiMgO catalysts contain no more 
than about 25% of their Ni sites being active. It has unexpectedly been found by the inventors 
herein that they are able to produce NiMgO catalyst compositions with greater than about 25% of 
the Ni sites being active. The percentage of active sites in catalysts can be measured by 
conventional analytical techniques, such as a combined temperature programmed reduction and 
thermal gravimetric analysis. 

[0018] Another preferred catalyst system of the present invention is one that is 

represented by the formula: Ni x Mg y Cu z O, wherein x, y, and z represent the mole concentration of 
Ni, Mg, and Cu respectively, and wherein the molar ratio of Ni to Mg is from about 1 to 1 to 6.2 
to 1, preferably from about 1.8 to 1 to about 2.8 to 1, and more preferably from about 2 to 1 to 
about 2.8 to 1. The molar ratio of Ni to Cu will be from about 19 to 1 to about 1 to 1, preferably 
from about 9 to 1 to about 7 to 3, and most preferably about 4 to 1. The percentage of Ni and Cu 
in the metallic state is from about 15% to ^bout 95%, preferably from about 50% to about 90% 



and more preferably from about 70% to about 85% and most preferably from about 80% to about 
85%. Also, the percentage of Ni in active state is greater than about 25%. 



[0019] One preferred method for preparing the Ni x Mg y O catalysts of the present invention 

is to first dissolve a nickel salt in a suitable solvent. The solvent should be one in which the 
nickel salt is readily soluble, that is, a solvent in which the nickel salt will substantially 
completely dissolve. Of course, the particular solvent used will depend on the choice of the salt. 
Non-limiting examples of solvents that can be used for the preparation of the catalyst systems of 
the present invention include water, alcohols, and ethers, with water and Cj to C5 alcohols being 
the more preferred and water being the most preferred. The amount of nickel salt used will 
depend on the desired ratio of Ni to Mg. As previously mentioned the desired molar ratio of Ni to 
Mg will range from about 1 to 1 to about 6.2 to 1 . A suitable amount of a Mg compound, most 
preferably MgO, in particulate form, or in a slurry of the solvent used to dissolve the Ni-salt, is 
introduced into the Ni-salt/solvent solution to form a slurry comprised of MgO/Ni-salt solution. 
The suitable amount of MgO will of course depend on the desired molar ratio of Ni to Mg in the 
final catalyst product. Non-limiting examples of magnesium containing compounds include 
MgO, Mg(OH) 2 , MgC0 3 . Mg salts (nitrates, acetate, sulfate, chloride, etc.). The most preferred is 
MgO. Non-limiting examples of nickel salts suitable for use herein include nickel nitrate, nickel 
chloride, nickel sulfate, nickel acetate, and nickel carbonate. 

[0020] Another preferred method for the preparation of Ni x Mg y O and Ni x Mg y Cu z O 

catalysts is co-precipitation of aqueous solutions of nickel, copper, if present, and magnesium 
salts with a basic aqueous solution. Non-limiting examples of nickel, copper and magnesium 
salts include nitrates, chlorides, sulfates acetates, and carbonates. Non-limiting examples of the 
basic aqueous solutions include those containing NH4OH, NaOH, KOH, Na2C03 and K2CO3. 
The co-precipitated hydroxides or carbonates are left overnight, then washed in distilled water, 
filtrated and dried at 1 1 0°C in air. The dried powders are then calcined, ground and reduced in a 
hydrogen-containing atmosphere prior to use. 

[0021] Another preferred method for preparing catalysts of the present invention is that of 

the thermal crystallization of a supersaturated solution. This thermal crystallization process can 
be practiced by the following multi-step procedure: 



Step 1 : A mixture of a nickel salt, a copper salt and a magnesium salt in the desired ratios 
is initially dissolved in ethanol to form a homogeneous solution. 

Step 2: The solution is then subjected to evaporation to form a concentrated solution with 
stirring at about room temperature (about 22°C). 

Step 3: The evaporation process is continued as the temperature is raised to about 150°C 
while simultaneously stirring until a solid mass of homogeneously mixed salts is obtained. 

Step 4: The solid mass of mixed salts is then calcined in flowing air at a suitable 
calcinations temperature, preferably at about 500°C for an effective period of time. This effective 
period of time will typically be from about 2 to 6 hours, preferably from about 3 to 5 hours and 
more preferably about 4 hours in order to convert the metal salts to metal oxides. 

Step 5: The metal oxides are then ground in a suitable grinding device, preferably in a 

ball mill to form a fine powder. 

-> 

Step 6: The fine powder is then reduced in a hydrogen-containing atmosphere, most 
preferably one containing about 10 vol.%, more preferably at least about 25 vol.% hydrogen with 
remainder being an inert gas, preferably argon at temperature from about 500°C to about 1200°C 
for in effective amount of time, for example for about 1 hour. These conditions are sufficient to 
convert at least a portion, preferably substantially all of the nickel and copper oxides to the 
metallic state whereas the magnesium component remains in the oxide form. 

[0022] If it is desired to produce a catalyst composition represented by Ni x Mg y Cu z O, then 

an effective amount of a Cu-salt can be dissolved with the Ni-salt. An effective amount of Cu- 
salt will be used to result in a catalyst having a Ni to Cu molar ratio of about 19 to 1 to about 1 to 
1, preferably from about 9 to 1 to about 7 to 3, and most preferably about 4 to 1 . 

[0023] Solvent is driven off to form a paste, that is, a non-flowing solvent containing 

moldable mass. Any conventional technique can be used to drive off the solvent. Non-limiting 
techniques include vigorously stirring at room or elevated temperatures, evaporation, settling and 
decanting, centrifugation, and filtration. It is preferred to evaporate off a desired amount of 
solvent to form the paste. The paste is then dried by any suitable method to form a free-flowing 



substantially solvent free powder. Preferred methods for drying the powder include oven drying 
at temperatures from about 1 10°C to about 130°C, and spray drying. By substantially solvent 
free, we mean that less than 1 wt.%, preferably less than about 0.5 wt.%, more preferably less 
than about 0.1 wt.%, and most preferably no solvent will remain with the powder after drying. 
The powder will be comprised of a mixture of MgO particles, Ni-salt particles, and Cu-salt 
particles if present. The powder is then calcined under conditions effective to decompose the Ni- 
salt and Cu-salt if present, but not the MgO. Effective calcining temperatures range from about 
350°C to about 1000°C, preferably from about 350°C to about 650°C in an oxidizing environment, 
preferably in flowing air, for an effective period of time which will typically be from about 2 to 8 
hours, preferably from about 4 to 6 hours. 

[0024] The calcined powder after being ground to a finely divided state is then heated in a 

reducing environment at suitable chemical reducing temperatures, such as at temperatures from 
about 500°C to about 1200°C, for an effective amount of time. A preferred reducing environment 
is one that includes hydrogen with or without an inert gas, preferably nitrogen. The preferred 
reducing atmosphere would contain at least about 10 vol.% hydrogen, preferably greater than 
about 25 vol.% hydrogen. 

[0025] The resulting catalysts of the present invention will be characterized as having a 

substantially higher percentage of active Ni sites when compared with conventional NiMgO and 
NiCuMgO catalysts. Active Ni sites are those Ni sites wherein the Ni atom is in a reduced or 
metallic state. That is, those Ni atoms that are at the surface of the catalyst and available to react 
with methane and that are in the bulk of the catalyst and function as a medium for carbon 
diffusion. 

[0026] During the calcination step, the Ni 2+ , Mg 2+ and Cu 2+ ,if present as cations, will be 

converted into metal oxides, while the anions of these salts, e.g. NO 3 " will be transformed into 
gaseous products e.g. NO2, and as a consequence, will be released from the catalyst sample. 

[0027] During the reduction step, all or a certain fraction of nickel and copper if present 

as oxides will be converted into the respective metallic states. On the other hand, the magnesium 
species will remain the oxide state. 



Catalyzed Decomposition of Methane 

[0028] It has unexpectedly been found by the inventors hereof that the catalysts of the 

present invention are capable of producing substantially carbon oxide-free hydrogen and 
substantially pure carbon by the decomposition of methane over a relatively low temperature 
range of 475° to 800°C, preferably from about 475°C to about 700°C, more preferably from about 
475°C to about 650°C, and most preferably from about 500°C to about 575°C. For catalysts 
wherein Cu is not present the preferred methane decomposition temperature range is from about 
450° to about 625°, preferably from about 475° to about 575°, more preferably from about 500° 
to about 550°, and most preferably from about 500° to about 525°C. When Cu is present in the 
catalyst composition of the present invention then the methane decomposition temperature range 
is preferably from about 500° to 800°C, more preferably from about 600° to 775°, most 
preferably from about 700° to 760°C, and particularly from about 750° to 760°C. Conventional 
catalysts of similar composition can only exhibit activity for substantially CO-free hydrogen and 
substantially pure carbon by the direct decomposition of methane at lower temperatures (typically 
less than 650°C). The catalysts of the present invention, which contain a higher level of active 
Ni-sites are unexpectedly capable of a extending lifetime as well as substantially higher hydrogen 
and carbon yields even at higher reaction temperatures, e.g. greater than 700°C, when compared 
with prior art catalysts. 

[0029] The methane flow rate can range from about 30 to 180 ml/min; however, if one 

desires to obtain a high yield of hydrogen/hour then a flow rate of about 120 ml/min is the most 
preferable flow rate. 

[0030] It is within the scope of this invention that natural gas be used in place of or as a 

mixture with methane for the production of hydrogen and carbon. The presence of ethane and 
other C 3 to C 6 hydrocarbons in natural gas will not lead to the production of CO, or C0 2 . They 
may, however, exert a minor effect on the lifetime of the catalyst since they undergo 
decomposition in a more facile manner than methane and this feature could give rise to premature 
deactivation of the catalyst. It should be stressed, however, that these impurities are generally 
present in very low concentrations (typically about 2 mole % and less) in natural gas and are 



unlikely to cause major perturbations in the behavior of the catalyst compared to that observed 
with pure methane feed. 

[0031] The Ni and Cu components in the catalyst will typically contain a thin layer of 

metal oxide coating resulting from exposure to air. Therefore, before the catalyst is used for 
methane decomposition, the thin oxide layer will need to be removed, preferably by heating in 
hydrogen. If the catalyst is used in the methane decomposition reaction without first removing 
the oxide layer decomposition to solid carbon and hydrogen will not be achieved. As a 
consequence, the catalyst will not be in the correct state to perform its desired role. The catalyst 
will preferably be used in a powdered form and having an average particle size less than about 
40nm. When the catalyst is in the desired state, preferably one represented by Ni x Mg y Cu z O, 
higher yields of CO-free hydrogen and pure carbon nanofibers can be achieved by the practice of 
the present invention when compared with what can be achieved by conventional methods. 

[0032] The carbon produced by methane decomposition of the present invention is 

preferably a graphitic nanofiber that can be characterized as having a unique set of properties that 
include: (i) a surface area from about 20 to 3,000 m 2 /g, preferably from about 50 to 800 m 2 /g, 
more preferably from about 100 to 700 m 2 /g, and most preferably from about 250 to 350 m 2 /g, 
which surface area is determined by N 2 adsorption at -196°C; (ii) a crystallinity from about 5% to 
about 100%, preferably from about 50% to 100%, more preferably from about 75% to 100%, 
most preferably from about 90% to 100%, and ideally substantially 100%; and (iii) interstices of 
about 0.335 nm to about 0.40 nm, preferably about 0.335 nm. The interstices are the distance 
between the graphite platelets. It is also preferred that the carbon nanofibers produced during 
methane decomposition have at least about 5%, preferably at least about 50%, more preferably at 
least about 80%, and most preferably at least about 95% of the edge sites exposed. 

[0033] The present invention will be illustrated in more detail with reference to the 

following examples, which should not be construed to be limiting in scope of the present 
invention. 
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Examples 

Experimental Procedure 

[0034] The decomposition of methane was carried out in a quartz flow reactor heated by a 

Lindberg horizontal tube furnace. The gas flow to the reactor was precisely monitored and 
regulated by the use of MKS mass flow controllers allowing a constant composition of feed to be 
delivered. Powdered catalyst samples (50 mg) were placed in a ceramic boat at the center of the 
reactor tube in the furnace and the system flushed with argon for 0.5 hours. After reduction of the 
sample in a 10%H 2 /Ar mixture at a temperature between 500° and 1000°C, the system was once 
again flushed with argon and methane was introduced into then reactor and allowed to react with 
the catalyst at a predetermined temperature under atmospheric pressure conditions. The progress 
of the reaction was followed as a function of time by sampling both the inlet and outlet gas 
streams at regular intervals and analyzing the reactants and products by gas chromatography. The 
total amount of solid carbon deposited during the time on stream was determined gravimetrically 
after the system had been cooled to room temperature. 

Example 1 

[0035] In this series of experiments the effect of the composition of the NiMgO catalyst 

on the yields of hydrogen and solid carbon products obtained from the decomposition of methane 
was investigated. All the Ni x Mg y O catalyst powders were initially calcined at 500°C in air and 
reduced at 850°C in 10%H 2 /Ar prior to reaction with methane (60 ml/min) at 550°C. Each 
reaction was carried out up to the point at which complete deactivation of the catalyst occurred. 
From the data presented in Table 1 it is evident that the highest yields of hydrogen and the solid 
carbon product were obtained from a catalyst powder having a Ni to Mg molar ratio of 2.4:1, i.e. 
78% Ni. 
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TABLE 1 



x:y 

(mole ratio) 


Hydrogen Yield 
(L-H 2 /g-Cat) 


Solid Carbon Yield 
(g-C/g-Cat) 


0.6 


70 


19 


1.0 


147 


39 


1.3 


347 


93 


1.8 


477 


128 


2.0 


513 


138 


2.4 


616 


165 


2.8 


504 


135 


3.6 


426 


114 



a Yields were calculated based on the weight of catalyst before reduction 



Example 2 

[0036] In a second set of experiments the calcination temperature of the mixed metal 

oxide catalyst 78% NiO-MgO was maintained constant at 500°C while the reduction temperature 
was varied over the range of 600° to 1000°C. These catalysts were then reacted in 60 ml/min 
methane at 550°C for periods of time until conversion of the hydrocarbon dropped to less than 
4%. The yields of hydrogen and solid carbon are given in Table 2. From these data it is evident 
that the highest amounts of products were obtained from catalysts prepared from mixed metal 
oxides that were reduced at temperatures between 850° and 950°C. 



TABLE 2 



Reduction 

Temperature 

(°C) 


% CH 4 
Conversion 8 


Lifetime 
(hours) 


Hydrogen 

Yield" 

(L-H 2 /g-Cat) 


Solid 
Carbon 
Yield" 
(g-C/g-Cat) 


Ni° 

content 

(%) 


600 


17.1 


12 


201 


54 


14.5 


750 


18.1 


21 


386 


103 


56.9 


850 


17.2 


30 


616 


165 


69.3 


950 


17.6 


31 


607 


162 


74.0 


1000 


15.1 


14 


213 


57 


78.0 



a data obtained after 1 .0 hours. 

"Yields were calculated based on the weight of catalyst before reduction. 
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Example 3 

[0037] In this series of experiments the reduction temperature of the mixed metal oxide 

catalyst 78% NiO-MgO was maintained constant at 850°C while the calcination temperature was 
varied over the range 350 to 900°C. These catalysts were then reacted in 60 ml/min methane at 
550°C for periods of time until conversion of the hydrocarbon dropped to less than 4%. From the 
data presented in Table 3 it is evident that as the calcination temperature is progressively 
increased there is a concomitant decrease in the yields of hydrogen and the solid carbon product. 
It should be stressed that the calcination temperature should be higher than 280°C 5 the 
decomposition temperature of Ni(N0 3 ) 2 .6H 2 0 ? the nickel salt used in the catalyst preparation. 
The preferred calcination temperature range is between 280° and 1 1 00°C, the more preferred 
range is about 280° to 800°C and the most preferred range is about 280 b to 500°C. 



TABLE 3 



Calcination 

Temperature 

(°C) 


% CH 4 

Conversion 8 


Lifetime 
(hours) 


Hydrogen 

Yield" 

(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


350 


17.7 


33 


625 


167 


500 


17.2 


30 


616 


165 


650 


18.1 


28 


558 


149 


800 


17.6 


21 , 


422 


113 


900 


17.1 


14 


295 


79 



data obtained after 1.0 hours 
Yields were calculated based on the weight of catalyst before reduction 



Example 4 

[0038] In this set of experiments a comparison of the performance for methane 

decomposition at 550°C of various mixed oxide catalysts containing the same weight of nickel 
was carried out. Each catalyst system was calcined in air at 500°C and then reduced in flowing 
10%H 2 /Ar at 850°C. The methane decomposition reactions were conducted in 60 ml/min 
methane for periods of time until conversion of the hydrocarbon dropped to less than 4%. 
Inspection of the data presented in Table 4 clearly shows that the type of interaction exhibited by 
Ni with a particular oxide is a critical factor in determining the activity of the catalyst. A catalyst 
based on Ni and MgO is an order of magnitude more active than Ni and Si0 2 , whereas Ni mixed 
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with CaO (an alkaline earth oxide like MgO) does not display any activity for methane 
decomposition. 



TABLE 4 



Catalyst 


% CH 4 
Conversion 3 


Lifetime 
(hours) 


Hydrogen Yield" 
(L-H 2 /g-Cat) 


Solid Carbon Yield 6 
(g-C/g-Cat) 


78% Ni-Si0 2 


11.4 


6 


69 


18 


78% Ni-MgO 


17.2 


30 


743 


199 


78% Ni-CaO 


0.4 


<1 


0 


0 



data obtained after 1 hour 

Yields were calculated based on the weight of catalyst after reduction 



Example 5 

[0039] In a further set of experiments, the effect of reaction temperature on the catalytic 

activity of 78% Ni-MgO for the decomposition of methane was investigated. The powdered 
catalyst was initially calcined at 500°C, reduced at 850°C and then reacted in 60 ml/min of 
methane at temperatures over the range 500° to 625 °C. Reactions were allowed to continue until 
the hydrocarbon conversion level dropped to below 4%. Examination of the results presented in 
Table 5 indicates that whilst the catalyst exhibits high activity over the temperature range 500° to 
575°C, the optimum conditions occur at a reaction temperature of 525°C. 



TABLE 5 



Reaction 
Temperature 

(°C) 


% CH 4 
Conversion 8 


Lifetime 
(hours) 


Hydrogen Yield 0 
(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


475 


6.7 


88 


740 


198 


500 


10.2 


74 


990 


265 


525 


13.8 


52 


976 


262 


550 


17.2 


30 


743 


199 


575 


24.4 


17 


533 


143 


625 


3.1 


< 1 


10 


3 



3 data obtained after 1 hour 

b Yields were calculated based on the weight of catalyst after reduction 
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Example 6 

[0040] In this series of experiments the influence of adding a small amount of a third 

component to the catalyst formulation on the decomposition of methane was explored. Catalyst 
powders were prepared by introducing 8.7 wt.% of copper, cobalt or iron, respectively into the 
78% Ni-MgO system. These powders were then calcined at 500°C, followed by reduction at 
850°C and then reacted in 60 ml/min methane at 550°C. In most cases the reactions were 
conducted for as long as the catalytic activity was maintained at greater than 4%. It is evident 
from Table 6 that under the reaction conditions employed in this study none of the additives 
appeared to enhance the catalytic activity of the 78% Ni-MgO system. On the other hand, the 
addition of copper was unexpectedly found to exert a significant impact on the lifetime of the 
catalyst system. 



TABLE 6 



Additive 


% CH 4 
Conversion 8 


Lifetime 
(hours) 


Hydrogen Yield 0 
(L-H 2 /g-Cat) 


Solid Carbon Yield" 
(g-C/g-Cat) 




17.2 


30 


743 


199 


Cu 


11.8 


52 


597 


160 


Co 


17.0 


24 


582 


156 


Fe 


14.6 


10 


164 


44 


a data obtainec 


after 1 hour 



b Yields were calculated based on the weight of catalyst after reduction 
Example 7 

[0041] In this set of experiments the ratio of Ni to Cu was systematically varied in the 

Ni x Mg y Cu z O (x:y = 2.4:1) catalyst. These powders were then calcined at 500°C, reduced at 
850°C and then reacted in 60 ml/min methane at 665°C. In each case, reactions were allowed to 
continue until the hydrocarbon conversion level dropped to below 4%. Examination of the data 
presented in Table 7 shows that highest yields of hydrogen and solid carbon product are obtained 
at an optimal Ni/Cu ratio (while the total Ni/Mg ratio is fixed at 2.4/1). The preferable Ni/Cu 
ratio is between 19/1 and 1/1 and the most preferable range is between 9/1 and 7/3 and the 
optimum ratio is 4/1 . 
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TABLE 7 



Ni/Cu 
ivioiar ratio 


% CH 4 
Conversi n a 


Lifetime 
(hours) 


Hydrogen 

Yield" 

(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(q-C/q-Cat) 


49/1 


1.9 


< 1 


4 


1 


19/1 


40.2 


3 


101 


27 


9/1 


35.6 


39.0 


1409 


378 


17/3 


33.3 


43.0 


1548 


414 


4/1 


30.6 


43.0 


1594 


427 


3/1 


28.8 


40.0 


1403 


376 


7/3 


27.1 


35.0 


1226 


328 


1/1 


23.0 


28.0 


739 


198 



Yields were calculated based on the weight of catalyst before reduction 
Example 8 

[0042] In this set of experiments the Ni x Mg y Cu z O (x:y = 2.4: 1 )(x:z = 9:1) catalyst used in 

Example 6 was treated in 60 ml/min methane at temperatures ranging from 550° to 700°C. All 
methane decomposition reactions were allowed to proceed until the catalytic activity had 
decreased to less than 4% methane conversion. Examination of the data of Table 8 shows that the 
temperature at which the methane decomposition reaction is performed over this catalyst system 
is a critical factor for achieving the optimum performance. High activity is realized when the 
temperature reaction is maintained between 625° and 675°C, with the maximum conversion 
occurring at 675°C. Increasing the temperature from 675 °C to 700°C results in a precipitous 
decline in the performance of this catalyst system. 

TABLE 8 



Reaction 

Temperature 

(°C) 


% CH 4 
Conversion 3 


Lifetime 
(hours) 


Hydrogen Yield 0 
(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


550 


11.8 


52 


597 


160 


625 


25.7 


53 


1550 


415 


650 


31.6 


46 


1748 


468 


665 


35.6 


39 


1830 


490 


675 


37.8 


32 


1686 


452 


700 


1.3 


<1 


27 


7 
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b Yields were calculated based on the weight of catalyst after reduction 
Example 9 

[0043] In this set of experiments the Ni x Mg y Cu z O (x:y = 2.4: 1 )(x:z = 4:1) catalyst that 

was prepared according to the same conditions as that in Example 8 was treated in 60 ml/min 
methane at temperatures ranging from 665° to 750°C. Examination of the data given in Table 9 
shows that the temperature at which the methane decomposition reaction is performed over this 
catalyst system is a critical factor for achieving the optimum performance. High activity is 
realized when the temperature reaction is maintained between 665° and 725°C 5 with the 
maximum conversion occurring at 725°C. Increasing the temperature from 725°C to 750°C 
resulted in a precipitous decline in the performance of this catalyst system. 



TABLE 9 



Reaction 

Temperature 

(°C) 


% CH 4 
Conversion 3 


Lifetime 
(hours) 


Hydrogen Yield 0 
(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


665 


30.6 


43 


1594 


427 


700 


39.6 


29 


1364 


365 


725 


44.5 


18 


865 


232 


750 


0.5 


<1 


o 


0 



data obtained after 1 .0 hours 

Yields were calculated based on the weight of catalyst before reduction 



Example 10 

[0044] In this set of experiments the Ni x Mg y Cu z O (x:y = 2.4:l)(x:z = 3:1) catalyst that 

was prepared according to the same conditions as that in Example 8 was treated in 60 ml/min 
methane at temperatures ranging from 665° to 750°C. Examination of the data given in Table 10 
shows that the temperature at which the methane decomposition reaction is performed over this 
catalyst system is a critical factor for achieving the optimum performance. High activity is 
realized when the reaction temperature is maintained between 685° and 735°C, with the 
maximum conversion occurring at 735°C. Increasing the temperature from 73-5 °C to 750°C 
results in a precipitous decline in the performance of this catalyst system. 
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TABLE 10 



Reaction 
Temperature 

\ W 


% CH 4 
Conversion" 


Lifetim 
(hours) 


Hydrogen Yi Id" 
(L-H 2 /g-Cat) 


Solid Carb n 
Yield" 

\ yu/ y -w a if 


665 


28 8 


40 


1403 


376 

w f W 


685 


34.3 


31 


1347 


361 


725 


44.1 


18 


921 


247 


735 


45.4 


16 


846 


227 


750 


0.8 


<1 


0 


0 



data obtained after 1 .0 hours 

Yields were calculated based on the weight of catalyst before reduction 



Example 11 

[0045] In this set of experiments the Ni x Mg y Cu z O (x:y = 2.4: l)(x:z = 7:3) catalyst that 

was prepared according to the same conditions as that in Example 8 was treated in 60 ml/min 
methane at temperatures ranging from 665° to 750°C. Examination of the data given in Table 1 1 
shows that the temperature at which the methane decomposition reaction is performed over this 
catalyst system is a critical factor for achieving the optimum performance. High activity is 
realized when the reaction temperature is maintained between 725° and 735°C, with the 
maximum conversion occurring at 735°C. Increasing the temperature from 735°C to 750°C 
results in a precipitous decline in the performance of this catalyst system. 



TABLE 11 



Reaction 
Temperature 

CO 


% CH 4 
Conversion 8 


Lifetime 
(hours) 


Hydrogen Yield" 
(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


665 


27.1 


35 


1226 


328 


725 


41.1 


18 


925 


248 


735 


43.0 


16 


813 


218 


750 


1.0 


<1 


0 


0 



a data obtained after 1 .0 hours 

b Yields were calculated based on the weight of catalyst before reduction 



Comparison of the data presented in Tables 8 to 1 1 indicates that the Ni x Mg y Cu z O (x:y = 
2.4:l)(x:z = 3:1) catalyst when utilized at 735°C results in the maximum conversion of methane 
to hydrogen and solid carbon. 
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Example 12 

[0046] In this set of experiments the Ni x Mg y Cu z O (x:y = 2.4:1 )(x:z = 3:1) catalyst was 

prepared according to the thermal crystallization of a supersaturated solution method. Subsequent 
calcination and reduction treatments were the same as those described for the catalyst sample 
used in Example 8. The catalyst was reacted in 60 ml/min methane at temperatures ranging from 
665° to 775°C. Examination of the data given in Table 12 shows that the temperature at which 
the methane decomposition reaction is performed over this catalyst system is a critical factor for 
achieving optimum performance. High activity is realized when the reaction temperature is 
maintained between 725° and 760°C, with the maximum conversion occurring at 760°C. 
Increasing the temperature from 760°C to 775 °C results in a precipitous decline in the 
performance of this catalyst system. A comparison of the data presented in Table 12 with that 
given for the same the same catalyst composition prepared according to the traditional method 
that includes a carbonate precipitation step reveals major differences in performance (see Table 
10). By using the new preparation protocol of the present invention it is possible to generate a 
catalyst that sustains its activity for the methane conversion of 51.7% at 760°C. The equivalent 
data for substantially the same catalyst composition, but prepared by a conventional method 
shows optimum methane conversion of 45.4% at 735°C (see Table 10). 



TABLE 12 



Reaction 

Temperature 

(°C) 


% CH 4 
Conversion 8 


Lifetime 
(hours) 


Hydrogen Yield" 
(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


665 


28.5 


38 


1421 


381 


725 


44.3 


20 


1031 


276 


735 


46.7 


18 


942 


252 


750 


50.7 


14 


740 


198 


760 


51.7 


12 


636 


170 


775 


1.2 


<1 


0 


0 



data obtained after 1 .0 hours 

Yields were calculated based on the weight of catalyst before reduction 
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Example 13 

[0047] This set of experiments was conducted with the Ni x Mg y Cu z O (x:y = 2.4: l)(x:z = 

3:1) catalyst that was prepared according to the thermal crystallization of a supersaturated 
solution method and subsequently treated in the same manner as the sample described in Example 
8. The catalyst was reacted for a prolonged period of time in 60 ml/min methane at 750°C and 
the hydrocarbon conversion and H 2 yield measured at regular intervals. Examination of the data 
presented in Table 13 shows the initial high activity is maintained for approximately 9 hours and 
then starts to drop on continued reaction. 



TABLE 13 



Reaction Time 

/ It /"ii ire \ 

jnoursj 


% CH 4 

vvl IVCI OIWII 


H 2 Concentration 
(vol %) 


I 


50 7 


67.2 


2 


49.7 


66.4 


3 


49.7 


66.4 


4 


49.9 


66.5 


5 


50.3 


66.9 


6 


50.6 


67.2 


7 


50.7 


67.3 


8 


50.4 


67.0 


9 


49.4 


66.1 


10 


47.7 


64.6 


11 


44.4 


61.5 


12 


37.2 


54.3 


13 


17.8 


30.3 


14 


4.9 


9.3 


15 


4.3 


8.2 


16 


4.1 


7.9 



Example 14 

[0048] In this series of experiments the effect of changing the reactant flow rate on the 

conversion of methane and lifetime of the catalyst was investigated. The Ni x Mg y Cu z O (x:y = 
2.4:1) (x:z = 3:1) catalyst, which was calcined at 500°C, reduced at 850°C and reacted in methane 
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at 750°C. In these experiments the catalyst was prepared via the thermal crystallization of a 
supersaturated solution method. 



TABLE 14 



% CH 4 
Flow rate 
(ml/min) 


% CH 4 
Conversion 3 


Lifetime 
(hours) 


Hydrogen 

Yield" 

(L-H 2 /g-Cat) 


Solid Carbon 

Yield" 

(g-C/g-Cat) 


30 


55.1 


28 


800 


214 


60 


50.7 


14 


740 


198 


90 


46.5 


10 


778 


208 


120 


43.1 


8 


797 


213 


180 


40.4 


5.5 


721 


193 



a data obtained after 1 .0 hours 

b Yields were calculated based on the weight of catalyst before reduction 



[0049] Inspection of these data clearly indicates that over the range 30 to 120 ml/min the 

yields of hydrogen do not exhibit any major changes. On the other hand, the optimum methane 
conversion and catalyst lifetime are realized when the flow rate is maintained at 30 ml/min. As 
the flow rate is progressively raised so these two parameters show a corresponding decrease. 
Example 15 

[0050] In a further set of experiments we have examined the effect of introducing 

increasing amounts of hydrogen to the methane on the catalytic activity of the Ni x Mg y Cu z O (x:y 
= 2.4:1) (x:z = 9:1) catalyst, which was calcined at 500°C 5 reduced at 850°C and reacted in the 
CH4/H2 mixtures for a period of 5 hours at 665°C. Inspection of the data presented in Table 15 
clearly shows that the addition of hydrogen to the reactant gas exerts a negative impact on the 
activity of the catalyst towards the decomposition of methane. 



TABLE 15 



CHJH 2 ratio 
(ml/ml) 


Hydrogen Yield 3 
(L-H 2 /g-Cat) 


Solid Carbon Yield 8 
(g-C/g-Cat) 


60/0 


225 


60 


55/5 


204 


55 


50/10 


181 


49 


40/20 


123 


33 



a Yields were calculated based on the weight of catalyst before reduction 
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Example 16 

[0051] In this set of experiments the effect of systematically increasing the reaction 

temperature of Ni x Mg y Cu z O (x:y = 2.4:1) (x:z = 4:1) catalysts, pre-calcined at 500°C and reduced 
at various temperatures over the range 500° to 1000°C was investigated for the conversion of 
methane. After reduction treatments, the methane decomposition reactions were conducted with 
60 ml/min methane for as long as the hydrocarbon conversion level was maintained above 4%. 
Examination of the data presented in Table 16 shows that the optimum reduction temperature 
depends on the reaction temperature. When the reaction is carried out at 700°C or lower, the 
yields of hydrogen and solid carbon exhibit a progressive increase as the reduction temperature is 
raised from 600° to 1000°C. When the reaction temperature is equal to or greater than 725°C, 
< the yields of products exhibit maximum values at a reduction temperature of 600°C. 



TABLE 16 



Reduction 
Temperature 

(°C) 


Reaction 

Temperature 

(°C) 


%CH 4 
Conversion 3 


Lifetime 
(hours) 


Hydrogen 

Yield" 

(L-H 2 /g-Cat) 


Solid 
Carbon 
Yield" 
(g-C/g-Cat) 


600 


665 


30.7 


33 


1125 


301 


850 


665 


30.6 


43 


1594 


427 


1000 


665 


30.3 


45 


1701 


456 


600 


700 


39.7 


24 


1159 


310 


750 


700 


39.5 


25.5 


1222 


327 


850 


700 


39.6 


29 


1364 


365 


1000 


700 


39.0 


33 


1566 


420 


500 


725 










600 


725 


46.5 


19 


980 


263 


700 


725 










850 


725 


44.5 


18 


865 


232 


1000 


725 


1.1 


<1 


0 


0 


600 


750 


52.8 


11 


625 


167 


850 


750 


0.5 


<1 


0 


0 
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